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Abstract 1 

 A thermodynamic model of SiO2-H2O mixing in sub- and supercritical fluids has been 2 

developed based on new and existing experimental data on the solubility of quartz in H2O.  To 3 

supplement previously published data, we conducted new solubility experiments at 15 and 20 4 

kbar and 900-1100 °C using hydrothermal piston-cylinder methods.  At concentrations below 5 

~10 mol% SiO2, solubility was measured by single-crystal weight loss.  At higher 6 

concentrations, solubility was determined by bracketing the presence and absence of quartz in 7 

quenched charges using multiple isothermal and isobaric runs with varying SiO2-H2O ratios.  8 

These data were combined with previously published results to construct a thermodynamic 9 

model of SiO2-H2O mixing.  Following studies of silicate melts, the model takes oxygen in the 10 

fluid to be in three forms: free, molecular H2O, Si-bridging oxygens (   
  ), and the terminal 11 

hydroxyls (    
 ) of silanol groups.  The equilibrium exchange of oxygen between these forms 12 

can be written            
        

 .  The standard Gibbs free energy change of this 13 

reaction (G°) was incorporated into a subregular solution model for mixing of SiO2 liquid and 14 

H2O fluid.  The P-T dependences of G° and interchange energies were derived by an error 15 

minimization algorithm, producing thirteen independent fit parameters.  The model is applicable 16 

from 5-20 kbar and 500 °C to the dry melting curve of quartz.  It reproduces experimentally 17 

derived quartz solubility data to 3.8% on average (1σ = 5.3%).  The model also predicts hydrous 18 

melting of quartz, critical melt-vapor mixing, activity-concentration relations, partial molar 19 

volume and entropy of aqueous silica, water speciation, and the thermal expansivity, isothermal 20 

compressibility, and isobaric heat capacity of a fluid in equilibrium with quartz.  The model 21 

predicts a critical end point in the SiO2-H2O system at 1067 °C and 9.33 kbar, in very good 22 

agreement with the accepted location at ~1080 °C and 9.5-10 kbar.   The model is also in good 23 
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agreement with previous estimates of the extent of silica polymerization as well as measurements 24 

of water speciation in albitic glasses.  The results of this study clearly demonstrate that there is 25 

an explicit link between polymerization chemistry and critical mixing of silicate-H2O solutions.   26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 
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1. INTRODUCTION 47 

 Understanding the thermodynamics of mixing between silicate liquids and water at high 48 

pressure (P) and temperature (T) is of fundamental importance to studies of fluid-rock interaction 49 

in the lower crust and upper mantle (Manning, 2004; Hack et al., 2007a,b).  Owing to the low 50 

solubility of silicates in H2O, lower and upper critical end points tend to exist on their solubility 51 

and hydrous melting curves. Although the P and T of lower critical end points differ little from 52 

the critical point of pure H2O, upper critical end points vary widely, and may exert important 53 

controls on geologic systems.  For example, at pressures greater than the pressure of an upper 54 

critical end point, mineral solubility increases continuously as T increases, allowing fluids with 55 

subequal silicate and water contents to be in equilibrium with the surrounding rock.  Fluids of 56 

these intermediate compositions may play a key role in transport of material in subduction zones 57 

(Manning, 2004).  Significant effort has been made in establishing the locations of critical end 58 

points in geologically relevant systems (Kennedy et al., 1962, Shen and Keppler, 1997; Bureau 59 

and Keppler, 1999; Stalder et al., 2000; Sowerby and Keppler, 2002; Mibe et al., 2004, 2007, 60 

2011; Kessel et al., 2005a,b; Hermann and Spandler, 2008; Newton and Manning, 2008); 61 

however, the thermodynamic and transport properties of silicate-water systems, especially 62 

around the upper critical end point, remain poorly constrained (Hack et al., 2007 a,b, 2011; 63 

Audétat and Keppler, 2004).   64 

Silica is a major rock-forming oxide of the earth’s crust and mantle, and it is among the 65 

most soluble oxides in H2O at crustal and upper mantle conditions (Manning, 1994).  Silica’s 66 

high concentration and primary role in controlling solute structure (Mysen, 1998, 2010) make the 67 

binary SiO2-H2O an essential foundation for understanding silicate-water binary systems.   Early 68 

experimental studies of quartz solubility (e.g., Kennedy, 1950) found that quartz has low 69 
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solubility at low P and T near the critical point of water, implying that the P and T conditions of 70 

the lower critical end point of the SiO2-H2O system are not far removed from those of the critical 71 

point of pure water.  There have been numerous models of quartz solubility along the H2O steam 72 

curve, and to conditions of medium-grade crustal metamorphism (5 kbar, 600 °C; e.g., Walther 73 

and Helgeson, 1977, and references therein). 74 

At P and T above 5 kbar and 600 °C, the solubility of quartz in H2O increases 75 

considerably (Anderson and Burnham, 1965; Manning, 1994).  Empirical relationships to 76 

describe this increase in quartz solubility were developed by Fournier and Potter (1982), 77 

Manning (1994), and Dolejs and Manning (2010).  In these studies, quartz solubility was 78 

correlated with the specific volume or density of pure water. Manning (1994) and Dolejs and 79 

Manning (2010) found that quartz solubility below 900 °C and 20 kbar could be described by a 80 

linear correlation of log SiO2 molality with log H2O density.  These studies successfully predict 81 

quartz solubility over a wide range of P and T, but become inaccurate as the hydrous melting 82 

point is approached (≥900 °C) because of a rapid increase in solubility at higher T.   83 

The formulations of SiO2 solubility in H2O by Walther and Helgeson (1977), Fournier 84 

and Potter (1982), Manning (1994), and Dolejs and Manning (2010) do not account for two key, 85 

interrelated aspects of the chemistry of aqueous silica: polymerization (e.g., Iler 1979) and 86 

critical behavior (Kennedy et al., 1962).  While silica polymerization has long been known in 87 

aqueous solutions at low temperature, Zotov and Keppler (2000, 2002) and Newton and 88 

Manning (2002; 2003) presented the first evidence for the polymerization of aqueous SiO2 at 89 

high P and T.  In these studies, speciation models were derived assuming the presence of two 90 

species: Si(OH)4 monomers and Si2O(OH)6 dimers.  While the models provide constraints on 91 

silica activity and speciation, they are not applicable at concentrations above ~2 molal (3.4 92 
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mol%), where additional polymeric species and the deviation of water activity from unity 93 

becomes significant (Newton and Manning, 2008).  Gerya et al. (2005) attempted to take further 94 

polymerization into account by assuming that successive     
   attachments to a polymer have 95 

the same equilibrium constant as the dimer-forming reaction.  This model describes silica 96 

solubility quite well to 900 °C, and provides information on the speciation and activity of silica.  97 

However, it does not provide for melting or critical phenomena.  Doltsinis et al. (2007) used ab 98 

initio molecular dynamics to show that various silica polymers are chemically stable on short 99 

time frames (5-10 picoseconds), but computational limitations thus far preclude calculation of 100 

relative abundances of species. 101 

The second feature of the system SiO2-H2O not adequately incorporated into previous 102 

models is the location of the hydrous melting curve and its termination in an upper critical end 103 

point.  Kennedy et al. (1962) first determined the melting curve and proposed an upper critical 104 

end point at 9.7 kbar and 1080 °C, where quartz coexisted with a fluid containing ~50 mol% 105 

SiO2.  Quartz solubility determinations by Nakamura (1974) imply that the SiO2-H2O system is 106 

supercritical at 15 kbar, 900-1400 °C, in agreement with Kennedy et al. (1962).  Although the 107 

existence of the end point was challenged by Stewart (1967) and Mysen (1998), the original 108 

finding of Kennedy et al. (1962) has now been confirmed by Newton and Manning (2008).  109 

General phase relations in the SiO2-H2O system consistent with these results are shown in Figure 110 

1. 111 

In silicate-H2O systems, the positions of hydrothermal melting curves and their end 112 

points depend strongly on the nature and extent of polymerization of aqueous silicate species, 113 

which increase dramatically in abundance as melting is approached (Manning, 2004; Newton 114 

and Manning, 2008; Manning et al., 2010).  Any model that seeks to combine solubility and 115 
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melting behavior in the system SiO2-H2O must therefore account explicitly for silica 116 

polymerization in the aqueous phase.  Using a subregular mixing model involving monomers, 117 

dimers, and higher order polymers, Newton and Manning (2008) predicted the speciation of 118 

silica at 1080 °C and 10 kbar.  They found that nearly 80% of the silica in solution in equilibrium 119 

with quartz was contained in higher-order polymers.  This model describes supercritical 120 

solubility and activity-concentration relations, but only at a single pressure and temperature near 121 

the upper critical end point.   122 

In the present work, we seek to extend this approach by formulating a model for the 123 

SiO2-H2O system that explains quantitatively the solubility of stable and metastable SiO2-bearing  124 

phases, the speciation of aqueous and molten SiO2, activity-concentration relations (and 125 

therefore physical properties based on the derivatives of activity), and stable and metastable fluid 126 

immiscibility. 127 

To quantify mixing properties of the SiO2-H2O system over a much broader pressure 128 

region more quantitatively, we conducted new experiments on quartz solubility in H2O between 129 

900 and 1100 °C at 15 and 20 kbar.  The new results provide data that, in conjunction with 130 

previous quartz solubility studies, constrain the first quantitative thermodynamic model of SiO2-131 

H2O mixing capable of accurately describing quartz solubility, critical behavior, activity-132 

composition relations, and speciation at high P and T. 133 

 134 

2. EXPERIMENTAL METHODS 135 

Due to the wide solubility range investigated in this study, two types of experiments were 136 

conducted:  single-crystal solubility runs at low SiO2 concentration (SC experiments, Table 1), 137 

and phase-bracketing runs at high SiO2 concentration (PB experiments, Table 1).  For the single-138 
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crystal solubility runs, starting materials were ultrapure H2O and a polished fragment of natural 139 

Brazilian quartz (Manning, 1994; Newton and Manning, 2008).  Where quartz solubility was 140 

higher than SiO2 mole fraction > ~0.1, use of a single quartz crystal was not feasible (Newton 141 

and Manning, 2008).  Instead, finely ground quartz from the same source was used in multiple 142 

isothermal and isobaric phase-bracketing runs at different SiO2 concentrations to identify the 143 

quartz saturation composition. In both SC and PB experiments, starting materials were sealed by 144 

arc-welding in a single, 1.5 cm-long Pt tube (3.5 mm O.D., 0.15 mm wall thickness), with 145 

negligible loss of H2O upon sealing (Newton and Manning, 2006, 2007; Tropper and Manning, 146 

2007a,b). 147 

  All experiments were carried out in a piston-cylinder apparatus using 2.54 cm-diameter 148 

furnaces with graphite heater sleeves and NaCl pressure medium (Manning and Boettcher, 149 

1994).  The experiments were conducted in the temperature range 900-1100 °C (±3 °C) and the 150 

pressure range 15-20 kbar (±0.3 kbar).  Temperature was measured and controlled by type S 151 

thermocouples.  No correction was made for the effect of pressure on emf.  Experiments were 152 

quenched to <200 °C in less than 12 s by shutting off the heating power.  A Mettler M3 153 

microbalance with a reproducibility of ±2 µg (1σ) was used to weigh quartz crystals before and 154 

after SC experiments, as well as initial and final H2O.  Final H2O weight was measured by loss 155 

upon drying, and was used solely as a check against water loss during the experimental run.  In 156 

PB experiments, due to the high proportion of initial silica, a significant amount of H2O becomes 157 

structurally bound in the vapor quench phase, and the H2O weight after the experiment cannot be 158 

measured by loss upon drying.  Therefore, only initial weights were recorded for PB 159 

experiments.  Propagation of weighing errors leads to a maximum error in silica mole fraction 160 

(Xs) of 0.0001 (1σ).  At a given P and T, PB experiments were repeated until bracket width was 161 
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Xs~0.05 to sufficiently constrain the thermodynamic model.  Only the most tightly limiting 162 

experiments are reported.    163 

 164 

3. RESULTS 165 

Experimental results are given in Table 1 and Figure 2.  Upon quenching and drying of 166 

the experimental charges, soluble silica was identified in the run products as an amorphous, 167 

chalky or glassy matrix.  Evidence of coexisting, immiscible fluids such as the presence of large, 168 

discrete glass spheres (e.g., Antignano and Manning, 2008) was not observed, indicating that all 169 

runs were in the supercritical SiO2-H2O region.  Residual quartz in the phase bracketing runs was 170 

distinguished from soluble silica in the run products by its birefringence using optical 171 

microscopy.  It occurred as rounded, subhedral to euhedral crystals <100 μm in diameter 172 

embedded in the chalky or glassy matrix.  Quartz crystals from SC experiments were found to be 173 

subhedral to euhedral as well.  174 

To determine the time required for equilibrium, experiments were performed for 2.5 and 175 

20 hours at the lowest temperature and pressure investigated (900 °C, 15 kbar).  The final quartz 176 

crystal was subhedral in the 2.5 hour run, but euhedral after the 20 hour run; however, the two 177 

experiments show negligible difference in solubility, suggesting that equilibrium is achieved 178 

within 2.5 hours.  Solubilities at <1050 °C, 15 kbar were found to be systematically higher than 179 

those measured by Nakamura (1974) (Fig. 2). This may be because Nakamura’s short run times 180 

(~30 minutes) did not allow the system to fully equilibrate below 1050 °C.  In contrast, 181 

agreement between the data from Nakamura (1974) and the current study at 1050 °C imply that 182 

equilibrium is achieved within ~30 minutes at >1050 °C. 183 
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The new data indicate that below ~1050 °C, quartz solubility at 15 and 20 kbar is 184 

significantly higher than at 10 kbar.  For example, at 1000 °C, quartz solubility climbs from 8.85 185 

mol% at 10 kbar (Newton and Manning, 2008) to 17.4 ± 0.53 mol% at 15 kbar and to 23.28 ± 186 

1.98 mol% at 20 kbar.  In contrast, at 1050 to 1100 °C, quartz solubility at both 15 and 20 kbar is 187 

lower than the solubility at 10 kbar, so that at 1100 °C, quartz solubility drops from 63.59 ± 3.36 188 

mol% at 10 kbar (Newton and Manning, 2008) to 50.9 ± 2.2 mol% at 15 (Nakamura, 1974) and 189 

52.28 ± 2.58 mol% at 20 kbar.   190 

Our results are consistent with those of Newton and Manning (2008).  As P increases 191 

from 10 to 20 kbar, tangents to the isobaric solubility curves become progressively shallower at 192 

constant, ~critical T of 1050-1080 °C (Fig. 2), indicating that P is increasing in excess of an 193 

upper critical end point.  The intersection of the 15 and 20 kbar solubility curves at ~1100 °C 194 

suggests that the intersection of the 15 kbar and 10 kbar solubility curves may occur at a lower 195 

concentration of silica (and slightly lower T) than the intersection of the 20 kbar and 10 kbar 196 

solubility curves (Fig. 2).  This has important implications for near-critical solubility topology 197 

(see below). 198 

 199 

4. DISCUSSION 200 

4.1. Modeling Solubility and Activity-Concentration Relations 201 

The equation of Manning (1994) accurately describes quartz solubility between 500 and 202 

900 °C up to 10 kbar, and between 500 and 700 °C from 10 to 20 kbar.  The monomer + dimer 203 

model of Newton and Manning (2002; 2003) describes silica activity in relatively dilute 204 

solutions (< 2 molal).  However, neither the equation of Manning (1994) nor the activity model 205 

of Newton and Manning (2002; 2003) is applicable at the high silica concentrations reached as P 206 
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and T increase further.  For example, the equation of Manning (1994) under-predicts quartz 207 

solubility at 900 °C between 10 and 20 kbar by ~15-30%.  In an attempt to model silica activity-208 

concentration relations in the high concentration region near the upper critical end point, Newton 209 

and Manning (2008) proposed a subregular solution to describe the isobaric, isothermal behavior 210 

of the quartz-water system at 1080 °C and 10 kbar.  An alternative solution model must be 211 

employed to fully describe the solubility of quartz over a range of P and T.   212 

Ideal, regular, and subregular mixing models are advantageous for their numerical 213 

simplicity, but they are strictly applicable to solutions of non-interacting to weakly interacting 214 

particles.  Without modification, they are not appropriate for solutions with components that 215 

interact strongly to form chemical complexes.  In the case of the SiO2-H2O system specifically, a 216 

subregular solution cannot take into account the strong chemical interaction in the fluid 217 

associated with oxygen exchange between free H2O, bridging O
2–

 in polymerized silicate 218 

species, and terminal OH
–
 of silanol groups, represented by  219 

           
        

             

where the subscripts br and tm refer respectively to bridging and terminal oxygen positions.  220 

Equation 1 describes any aqueous oxide polymerization or depolymerization reaction, such as 221 

the dimer-monomer reaction H2O + Si2O(OH)6 = 2Si(OH)4, but on a single-oxygen basis.  In 222 

principle, the SiO2-H2O system could be described by a regular or subregular solution of three 223 

components – H2O, O
2–

, and OH
–
, with a term added to describe the additional free energy 224 

derived from creating the OH
–
 component, similar to the thermodynamics of liquid alloys (e.g. 225 

Singh et al., 1993). However, the three-component regular or subregular solution would require 226 

too many parameters to fit the available data.   227 
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We therefore employed a subregular solution between two components, SiO2 and H2O.  We 228 

added an additional term to the subregular solution in order to describe the standard Gibbs free 229 

energy of the exchange of oxygen between Si-bridging positions and free water positions to 230 

hydroxyl positions; that is, OH
–
 formation by depolymerization via reaction 1 (   

 ).  The 231 

standard state for SiO2 is taken to be unit activity of pure molten silica (SiO2,liq), the standard 232 

state for quartz and H2O is unit activity of the pure phase, and the standard state for bridging 233 

oxygens and terminal hydroxyls is the hypothetical unit mole fraction solution of the species 234 

referred to infinite dilution.  We assume that the free energy of the formation of one OH
–
 group 235 

is independent of the total concentration of OH
–
 groups formed (    ); that is, the Gibbs free 236 

energy of each new OH
–
 is additive.  Assuming that all non-ideality is accounted for by the two-237 

component interchange energies, the activity of each species in Eq. 1 is equal to its mole 238 

fraction, which leads to  239 

    

           
        

    
 

  
                                    

where K1 is the equilibrium constant for equation 1.  At a given P, T, and silica mole fraction 240 

(Xs), the total and excess free energy of mixing (      and     , respectively) of SiO2 and H2O 241 

are given by: 242 

                                                            

                                      
                          

where     and    are interchange energies for SiO2,liq and H2O, respectively.  Because each unit 243 

of SiO2 contains two oxygen atoms, and mass balance requires that each hydroxyl group created 244 

needs ½H2O and ½O
2-

 , the total number of oxygen atoms in the system is     , the number of 245 

bridging oxygens present (    ) is     
 

 
    , and the number of free water molecules 246 
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(      is given by      
 

 
    .  Thus, at a given Xs, these three equations have three 247 

independent variables:   ,   , and    
 , as      can be calculated directly from Eq. 2 (see 248 

Appendix). 249 

The equations were solved by recognizing that, given the full expression for the Gibbs 250 

free energy of mixing in a binary SiO2-H2O fluid, the solubility of quartz at any given P and T is 251 

defined by a mechanical mixing line in G-Xs space between G°quartz and the composition in a 252 

mixed SiO2-H2O fluid that possesses the lowest G in the presence of quartz.  This composition 253 

can be found by numerically solving the equation of the following straight line  254 

       
      
   

 
  

                
                     

for    subject to the condition that       between    and 1 is greater than the linear 255 

combination of           and      
 , where      

  denotes the standard Gibbs free energy of 256 

metastable melting of quartz, given by the approximation 257 

     
                

                                     

where       is the temperature of dry quartz melting  from Jackson (1976), and      
  is taken to 258 

be 5.53 J/mol K (Richet et al., 1982), independent of P.  It should be noted that correction of a 259 

numerical error of Newton and Manning (2008) means that use of this value of      
  and a 260 

metastable melting point of 1427 °C at one bar (Richet et al., 1982) does not produce the 261 

implausible ~100% volume of melting noted by Newton and Manning (2008), but rather ~10% 262 

(0.2 J/bar), a far more reasonable value.    The activities of silica and water in the fluid 263 

(respectively,      and   ) can be computed from the modified subregular solution model, where  264 
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The activity of silica at quartz saturation (    
 

) can also be calculated from the depression of the 265 

melting point of quartz by H2O (Newton and Manning, 2008), where  266 

        
        

                
                           

Activities calculated in this way are identical to activities calculated by the modified subregular 267 

solution model using model-derived solubilities.  In other words, equating the right hand sides of 268 

Eq. 7 and Eq. 9 leads to an expression, equivalent to Eq. 5, that can be used to calculate Xs at 269 

quartz saturation (see Appendix).  The mixing parameters and    
  can therefore be obtained by 270 

regression of experimentally obtained quartz solubility data (Manning, 1994; Newton and 271 

Manning, 2000, 2003, 2008; Nakamura, 1974; this study). 272 

 Non-linear least squares regression of these data with added interpolated points, gave: 273 

                 
                                                   

                                                                                                    

                                   
                          

                                                                                   

where T is in K, P is in bars, and energies are in Joules.  The average absolute error between 274 

solubilities calculated by the model using these coefficients and experimental data is 3.8%, and 275 

the standard deviation of the error is 5.3% (1σ).  Figure 3 shows model errors as functions of P, 276 

T, and Xs.  All but three data points are within 10% of the experimental value and 70% of the 277 

data points are within 5% of the experimental value.  The resulting fit possesses thirteen 278 

independent parameters, nine of which are constant or linear in P or T.  Considering that 279 

Manning (1994) and Dolejs and Manning (2010) required seven independent parameters to 280 
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describe quartz solubility at lower P and T, it is remarkable that only six additional parameters 281 

are required to describe highly non-linear quartz solubility, including critical phenomena, over a 282 

larger PT region.   283 

The current model is applicable only between temperatures of 500 °C and the dry melting 284 

point of quartz at pressures between 5 and 20 kbar.  It does not accurately capture the observed 285 

linear correlation of quartz solubility with the density of water (Manning, 1994) at lower P and 286 

T.  This behavior is most likely due to the strong non-ideality of the SiO2-H2O system at low P 287 

and T, which makes the subregular solution model inaccurate for such dilute concentrations.   288 

Model quartz-solubility values are shown in Figure 4.  The solubility isopleths broadly 289 

follow the schematic topology developed by Hack et al. (2007a, b); however, our isopleths show 290 

a slight curvature between 1050-1100 °C above 10 kbar, indicating that a local solubility 291 

minimum exists at ~15 kbar between 1065 and 1100 °C.  This is a reflection of the experimental 292 

observation above that the intersection of the 15 and 20 kbar solubility curves occurs at ~1100 293 

°C, while the intersection of each of those curves with the 10 kbar solubility curve occurs at a 294 

lower T and silica concentration.  While this may seem counterintuitive, there is no a priori 295 

reason that isobaric solubility curves must intersect at the same temperature and composition.  296 

Given the uncertainties in the experimental measurements at 1100 °C, the size of this local 297 

solubility minimum in PTX space has a large uncertainty.  However, it is unlikely that, given the 298 

experimental difficulties at such high quartz/water ratios, a reasonable number of experiments 299 

will provide the precision necessary to determine the true nature of the relationship between the 300 

10, 15, and 20 kbar solubility curves between 1065 and 1100 °C.   301 

The model prediction of the critical curve, defined as the locus of points in PT space 302 

above which (in either T or P) no stable or metastable fluid immiscibility exists, shown in PT 303 
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space in Fig. 4, is much steeper than the schematic topology of Hack et al. (2007a, b); the model 304 

critical temperature at subcritical (~5-10 kbar) pressure is therefore much lower than is estimated 305 

from topology.  It is important to emphasize that the location of the critical curve is not directly 306 

constrained by experimental data. 307 

Figure 5 shows phase relations in four isobaric sections at various pressures.  The model 308 

clearly captures the topological change from a stable miscibility gap in the subcritical region to 309 

the intersection of the crest of the miscibility gap (the critical temperature) with the solubility 310 

curve, which forms an upper critical end point on the hydrothermal melting curve, and the 311 

increasing metastability of the miscibility gap with rising pressure across the full binary. 312 

Experimental quartz solubilities are accurately reproduced; however, the model predicts a more 313 

H2O-rich melt composition at 5 kbar, 1100°C than was inferred by Kennedy et al. (see section 314 

4.3).   315 

 Figure 6 shows the polythermal activity of silica and water at 10 kbar and the quartz 316 

saturation temperature from 500 to 1840 °C, in addition to the silica activities in undersaturated 317 

solutions at various temperatures.  Allowing the parameters of the modified subregular solution 318 

vary with T allows the activity of silica at quartz saturation to stay nearly constant over a larger 319 

range of silica concentration (Fig. 6) than an isothermal subregular solution (Newton and 320 

Manning, 2008).   321 

 322 

4.2. Hydration State of Silica  323 

 Because the modified subregular solution model includes an explicit calculation of     , 324 

it is possible to predict an average state of hydration (       ) of solutions at any given 325 

composition, P, and T.  In this formulation, if          , then the solution is composed 326 
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entirely of silica monomers, because each 4-coordinated Si atom will be bonded to 4 terminal 327 

OH
–
 groups. Monomeric silica is also denoted as Q

0
, because it is not bonded to other Si atoms 328 

through bridging oxygens.  Similarly,           corresponds to an average state of hydration 329 

equivalent to that of the dimer (Q
1
),           corresponds to rings and infinite chains ( Q

2
), 330 

          to cages (Q
3
), and           to dry silica melt (Q

4
).  In this Q notation, Eq. 1 331 

would be expressed as         
       . 332 

The most important control on aqueous silica polymerization is the concentration of 333 

aqueous silica.  Figure 7 shows the partitioning of oxygen between H2O, OH
–
, and O

2–
 and the 334 

average hydration state of aqueous silica at 10 kbar and 1080 °C as a function of composition, 335 

which is represented by the number of oxygens provided by the water component divided by the 336 

total number of oxygens in the system.  This representation of composition has the advantage of 337 

being independent of the number of oxygens per formula unit of silicate, which eases 338 

comparison of different systems (e.g. Stolper, 1982).  While the most dilute solutions are 339 

predominantly monomeric, the average state of hydration drops to 1 as quartz saturation (~50 340 

mol%) is reached.  Newton and Manning (2008) determined that at quartz saturation at 10 kbar 341 

and 1080 °C, nearly 80% of the silica in solution is contained in “higher oligomers”, defined as 342 

any silica species more highly polymerized than the dimer.  If the present model and the model 343 

of Newton and Manning (2008) are both correct, the higher oligomers have an average state of 344 

hydration of 0.25, corresponding to a slightly hydrated melt.  The structure of this fluid may in 345 

fact be similar to that of colloidal silica (e.g. Iler, 1979), with suspended, dry amorphous or 346 

molten silica surrounded by a hydrated layer in equilibrium with silica monomers and small 347 

oligomers. Assuming a dry amorphous or liquid silica density of 2.2-2.4, and that on average, 348 

surface tetrahedra are Q
3
 species while interior tetrahedra are Q

4
 species, an         ratio of 349 
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0.25 is equivalent to silica colloids of approximately 8-9 nm diameter.  This size may grow if, in 350 

addition to the equilibrium with monomers and dimers, equilibrium with Q
2
 and small Q

3
 species 351 

(rings, chains, and cages) is considered, due to the additional hydroxyl groups on these species 352 

that would not be available to create additional colloidal surface hydroxyls.   353 

The calculated speciation of water as a function of composition (e.g., Fig 7a) does not 354 

agree with experimental studies of water in quenched silicate glasses (e.g., Stolper 1982).  If the 355 

equilibrium constant determined by Stolper (1982)  (K1
2
 = 0.2) were accurate for the system 356 

SiO2-H2O regardless of P or T, the average state of hydration of an aqueous silica solute in a 357 

solution at 2 molal SiO2 should be roughly 2 (Fig. 7b).  Given that a solution at 2 molal SiO2 can 358 

be modeled as a collection of monomers and dimers (Newton and Manning 2002, 2003, 2008), 359 

an average hydration state of 2 seems highly unlikely.  However, when experiments are done on 360 

albitic glasses in situ (Shen and Keppler, 1995), much closer agreement is obtained.  In fact, at 361 

1080 °C and 10 kbar, the equilibrium constant obtained by Shen and Keppler is identical to that 362 

of the present model.  Unfortunately, the assumptions contained in the model of Shen and 363 

Keppler – a linear variation of ln(K) with 1/T and a three-component ideal mixing model of H2O, 364 

OH
–
, and O

2–
 – cannot adequately describe the available quartz solubility data at 10 kbar.  It is 365 

not clear if albite-water experiments are applicable to the quartz-water system.  The presence of 366 

Na
+

 ions may enhance the formation of hydroxyl groups (Burnham and Davis, 1974), and 367 

therefore the general agreement between the model in the present study and experiments on 368 

albitic glasses may be in part fortuitous.  It is clear, however, that K1 varies with both 369 

temperature and pressure.    370 

Figure 8 shows a contour plot of the average hydration state of silica in an aqueous fluid 371 

in equilibrium with quartz.  In general, increasing P at constant T along the quartz saturation 372 
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surface will depolymerize the aqueous silica, increasing its average hydration state, though in 373 

certain regions (1000-1080 °C), quartz solubility increases rapidly enough with increasing P that 374 

the aqueous silica becomes more polymerized as P increases along the quartz saturation surface 375 

(Fig. 8).  Increasing T along the quartz saturation surface always causes aqueous silica to 376 

polymerize; however, this is chiefly a consequence of the rapidly increasing concentration with 377 

rising T (Fig. 8).  At a constant pressure and concentration, increasing T may lead to 378 

polymerization or depolymerization of aqueous silica, depending on the location in PTX space.  379 

Increasing P at a constant temperature and concentration, however, always causes 380 

depolymerization of aqueous silica.  381 

The present model only provides an average hydration state for total dissolved silica.  It is 382 

not possible to quantify abundances of individual Q
0
 through Q

4
 species.  However, it should be 383 

noted that the monomer-dimer model of Newton and Manning (2002; 2003) is applicable to 384 

quartz saturated (or undersaturated) solutions with less than ~2 molal silica, and the proportion 385 

of monomers, dimers, and higher polymers can be determined using the excess approach of  386 

Newton and Manning (2008).  While polymerization (or average state of hydration) of silica as a 387 

function of composition will change as PT conditions change, our model generally predicts an 388 

average state of hydration between 3 and 4 for such dilute solutions (Fig. 7b).  We do not 389 

necessarily conclude that these solutions are comprised entirely of monomers and dimers – it 390 

seems likely that there will be additional oligomers present, given the range of oligomers seen in 391 

relatively dilute alkaline silica solutions at ambient conditions (Knight et al., 2007) – but they 392 

could be energetically modeled as if they were comprised entirely of monomers and dimers. 393 

Although it is not possible to quantify exact populations of the five categories of silica 394 

polymers with the present model, we can determine the minimum and maximum amount of 395 
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polymerization at a given SiO2 concentration.  If all hydroxyl groups reside in monomers, then 396 

any remaining dissolved silica must be fully polymerized.  Alternatively, if all bridging oxygens 397 

predicted by the model reside in dimers, any remaining dissolved silica must be monomeric.  At 398 

10 kbar and 1080 °C, for example, at least 15% and at most 60% of the silica must be 399 

polymerized at 2 molal SiO2.   Clearly, however, both are unrealistic scenarios.  In the former, 400 

the 15% polymerized silica would be entirely dissolved, yet completely dry, silica melt, which is 401 

highly unlikely.  The latter scenario implies that 60% of the silica would be in dimers without a 402 

single further condensation reaction.  While this is physically possible if it is assumed that only 403 

monomers and dimers can exist in solution, it is also highly unlikely.  As SiO2 concentration 404 

increases further, more bridging oxygens exist in solution than can possibly be accommodated in 405 

dimers, indicating that higher polymers must exist.  The actual amount of polymerization (i.e., 406 

non-monomeric silica) is likely to be in between these extremes.  This range is in good 407 

agreement with previous estimates of total silica polymerization (Newton and Manning, 2002, 408 

2003, 2008; Gerya et al., 2005). 409 

 We have not considered the effects of hydrogen-bonded water to silica oligomers, if any; 410 

the hydration state of silica in this work is solely due to water reacting to form OH
–
 groups.  At 411 

these high temperatures, it seems unlikely that there is much energetic difference between 412 

hydrogen-bonded and free water (e.g., Frantz et al., 1993; Gorbaty and Kalinichev, 1995; Mysen 413 

2010). 414 

 415 

4.3. Subcritical Phenomena 416 

 Although data along the wet melting curve (Kennedy et al., 1962) were not used in the 417 

model regression, the model predicts a wet melting temperature between 5 and 9 kbar of ~1066-418 
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1070 °C, and an upper critical end point at 1067 °C and 9.33 kbar (Fig. 4).   The agreement with 419 

data from Kennedy et al. (1962) is significantly poorer than the agreement with the other data 420 

sets (Fig. 5); however, attempting to include the data from Kennedy et al. (1962) in the model 421 

regression led to unacceptable errors in fits to the other data sets.  There is large experimental 422 

uncertainty in the Kennedy et al. (1962) data.  At 1050 °C, Kennedy et al. (1962) determined 423 

quartz solubility to be 21 mol% silica at 9 kbar, and Newton and Manning (2008) determined 424 

quartz solubility to be 20 mol% at 10 kbar.  Because of the topology of the isobaric solubility 425 

curves (Fig. 2), it is highly unlikely that quartz solubility would decrease or even stay constant 426 

when increasing P from 9 to 10 kbar at 1050 °C.  In light of these uncertainties, we consider the 427 

model wet melting temperature and upper critical end point to be in reasonable agreement with 428 

Kennedy et al. (1962).   429 

 430 

4.4. Thermodynamic Derivatives 431 

 The stable or metastable dissolution of silica liquid in SiO2-H2O solutions can be 432 

expressed as 433 

                                                    

With our adopted standard state for aqueous silica of unit mole fraction of dry liquid SiO2, the 434 

equilibrium constant of Eq. 13 may be expressed as the activity of aqueous silica at a given P, T, 435 

and Xs, given by Eq. 7.  The partial molar entropy and volume of reaction 13 can thus be derived 436 

via the following equations: 437 
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The reaction from quartz to aqueous silica, given by 438 

                                                

can be expressed as a two-step reaction: dry quartz melting (the standard Gibbs free energy of 439 

this reaction is given by Eq. 6), and the dissolution of molten silica (Eq. 13).  The molar entropy 440 

and volume of dry quartz melting can be obtained by differentiating Eq. 6 by T and P 441 

respectively, giving      
       J/K (a trivial result, as this value was previously assumed as 442 

the entropy of quartz melting) and      
   

      

  
      

  J/bar.  The standard molar entropy of 443 

reaction 16 is therefore given by the sum of Eq. 14 and      
 , shown in Figure 9 at quartz 444 

saturation as a function of P and T.  The standard molar volume of reaction 16, likewise, is given 445 

by the sum of Eq. 15 and      
 , shown in Figure 10 at quartz saturation as a function of P and 446 

T.  The standard partial molar volume and entropy of aqueous silica at the P and T of interest is 447 

given by simply adding the standard molar volume or entropy of reaction 16 to the standard 448 

molar volume or entropy of quartz, which can be readily obtained using a thermodynamic 449 

database such as Holland and Powell (1998).      450 

Of particular note in Fig. 10 is the contour corresponding to             .  At T lower than 451 

this contour, the volume change of the reaction is negative, and at T above this contour, the 452 

volume change is positive.  This provides a convenient division of supercritical aqueous silicate 453 

– at temperatures below the              contour, SiO2 volume decreases as it is transferred from 454 

quartz to aqueous silica, while above those temperatures, SiO2 volume increases as it is 455 

transferred from quartz to a hydrous silicate melt.  This contour may therefore represent a better 456 
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“extension” of the hydrous melting curve than the contour corresponding to the critical 457 

composition advocated by Hack et al. (2007 a,b). 458 

The standard molar volume (and therefore, density) and entropy of an aqueous fluid in 459 

equilibrium with quartz is obtained by performing a similar analysis of the activity of water, and 460 

then weighting each partial molar quantity by the quartz saturation composition.  Figure 11 461 

shows (a) the total change in volume from quartz + pure water to a hydrous silicate fluid, (b) the 462 

standard molar volume of a fluid in equilibrium with quartz, and (c.) the density of a fluid in 463 

equilibrium with quartz, as well as the density of pure water.  The contour corresponding to 464 

         in Fig. 11a shows that, in a system assumed to be isochoric (e.g., a diamond anvil cell), 465 

as temperature is increased from ambient T to this contour, the pressure will increase slightly less 466 

than it would under the assumption that the fluid volume is equal to the sum of the volumes of 467 

water and quartz.  Figure 12 shows (a) the total change in entropy from quartz + pure water to a 468 

hydrous silicate fluid, which naturally (due to the maximum of ideal mixing entropy at X = 0.5) 469 

rises to a maximum for intermediate fluids, and (b) the standard molar entropy of a fluid in 470 

equilibrium with quartz. 471 

Once the standard molar volume and entropy of the fluid phase in equilibrium with quartz 472 

is known, thermodynamic second derivatives of that phase can be computed.  Figure 13 shows 473 

(a) the thermal expansion parameter, α, (b) the isothermal compressibility β, and (c) the isobaric 474 

heat capacity, CP, of a fluid in equilibrium with quartz as well as for pure water as a function of 475 

temperature and pressure.  It should be noted that these derivatives depend heavily on the volume 476 

and entropy of quartz as calculated from the Holland and Powell (1998) data set (2002 update), 477 

and therefore care must be taken to correct for the entropy and volume increase of the transition 478 

from alpha to beta quartz.  Figure 13 has been corrected in this manner; without the correction, a 479 
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discontinuity in the contour lines would exist at the alpha-beta quartz transition (Fig. 1).  This 480 

dependence on the Holland and Powell (1998) data set (2002 update) is also the reason for the 481 

negative coefficient of thermal expansion above ~1900 °C and ~15 kbar (Fig. 13a).  This 482 

phenomenon is well known for quartz at these conditions, but it is unclear if molten silica 483 

exhibits the same behavior, or if Eq. 6 needs to be refined to reflect more accurate properties of 484 

molten silica. 485 

 The comparison between the properties of a fluid in equilibrium with quartz and pure 486 

H2O in Figs. 11c and 13 shows that the assumption that natural fluids at high T and P can be 487 

approximated by the properties of pure H2O can lead to significant error.  This is supported by a 488 

recent investigation of aqueous silicate fluids using independent pressure calibration in the 489 

diamond anvil cell by Mysen (2010).  The properties of natural fluids will deviate significantly at 490 

high T and P from the properties of pure H2O, with the deviation increasing as the amount of 491 

total dissolved solids increases in the supercritical region. 492 

 493 

4.5. Limitations 494 

As mentioned previously, while this model gives an average hydration state of solute 495 

silica, it cannot predict populations of the five major categories of silica polymers. The 496 

parameters describing the Gibbs free energy of the depolymerization reaction should change if 497 

the model describing the weak interactions changes (e.g., using a regular or subregular solution 498 

of three components, rather than a subregular solution of two components).  Thus while this 499 

model describes silica solubility quite well over a large PT range, the average state of hydration 500 

of solute silica is merely a prediction, and may change slightly as the model is refined and/or 501 

extended to lower or higher pressures and lower temperatures.   502 
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Another limitation is that there is no guarantee that the least-squares regression gives a 503 

unique solution; the error surface is highly irregular, and the choice of initial guesses for each of 504 

the parameters is very important.  It may be possible to use existing algorithms to find a global 505 

error minimum over all thirteen parameters, if a robust forward model to calculate an accurate 506 

solubility given a set of parameters, pressure, and temperature can be developed.  The procedure 507 

to calculate quartz solubility given a set of parameters, pressure, and temperature is given in the 508 

appendix, but verification that the calculated solubility is correct (for example, verifying that the 509 

calculated solubility lies outside of a miscibility gap) has so far been done solely by inspection.   510 

 As with any model, the resulting predictions are only as good as the assumptions that are 511 

put into the model.  The metastable free energy of melting of quartz is assumed to be given by a 512 

very simple expression (Eq. 6).   This cannot be a perfectly valid assumption over the entire PT 513 

range considered in this paper, as there is a Gibbs free energy change associated with the 514 

transition from alpha to beta quartz.  Refining Eq. 6, either to account for this transition or to 515 

incorporate a generally more sophisticated expression for the standard Gibbs free energy of dry 516 

molten silica, may change the model considerably.   517 

   518 

5. CONCLUSIONS 519 

 The new experimental quartz solubility results provide accurate determinations of the 15 520 

and 20 kbar isobars of quartz saturation.  These data, in conjunction with previously determined 521 

quartz solubility data sets, constrain a modified subregular solution model that describes quartz 522 

solubility, melting behavior and critical phenomena in addition to making predictions of activity-523 

concentration relations and speciation over a large PT range.   The model suggests that speciation 524 

of aqueous silica can be thought of in the same way that speciation of water in silicate melts is; 525 
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as a mixture of free H2O, terminal OH
–
 groups, and bridging oxygens (O

2–
).  Modeled oxygen 526 

speciation in the SiO2-H2O system is in general agreement with in situ measurements of oxygen 527 

speciation in albitic glasses, and estimates of silica polymerization are in general agreement with 528 

previous studies.  The current model could be tested and/or refined with additional 529 

experimentation, including accurate determination of quartz solubility at P<5 kbar and T>900 530 

°C, and along the hydrothermal melting curve.  In situ measurement of oxygen speciation in pure 531 

SiO2-H2O glasses would be even better, as it would allow a single component of the model 532 

(   
   to be tested and fitted, putting further constraints on the remainder of the mixing model.  533 

This last, however, may be difficult to achieve, given the high melting temperature of hydrous 534 

SiO2 (especially compared to the melting temperature of hydrous albite) and temperature limits 535 

in externally heated diamond anvil cells.   536 

Acknowledgement 537 

This work was performed under the auspices of the US Department of Energy by Lawrence 538 

Livermore National Laboratory under Contract DE-AC52-07NA27344. 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 



27 

 

REFERENCES 548 

Anderson, G.M., Burnham, C.W., 1965. Solubility of quartz in supercritical water. Am. J. Sci., 549 

263, 494-511. 550 

Audétat, A., Keppler, H., 2004. Viscosity of fluids in subduction zones. Science, 303, 513-516. 551 

Bureau, H., Keppler, H., 1999. Complete miscibility between silicate melts and hydrous fluids in 552 

the upper mantle: experimental evidence and geochemical implications. Earth Planet Sci. 553 

Lett., 165, 187-196. 554 

Burnham, C.W., Davis, N.F., 1974. Role of H2O in silicate melts .2. Thermodynamic and phase 555 

relations in system NaAlSi3O8-H2O to 10 kilobars, 700 degrees centigrade to 1100 556 

degrees centigrade. Am. J. Sci., 274, 902-940. 557 

Cohen, L.H., Klement, W., 1967. High-low quartz inversion - determination to 35 kilobars. J. 558 

Geophys. Res., 72, 4245-4251. 559 

Dolejs, D., Manning, C.E., 2010. Thermodynamic model for mineral solubility in aqueous fluids: 560 

theory, calibration and application to model fluid-flow systems. Geofluids, 10, 20-40. 561 

Doltsinis, N.L., Burchard, M., Maresch, W.V., Boese, A.D., Fockenberg, T., 2007. Ab initio 562 

molecular dynamics study of dissolved SiO2 in supercritical water. J. Theor. Comput. 563 

Chem., 6, 49-62. 564 

Fournier, R.O., Potter, R.W., 1982. An equation correlating the solubility of quartz in water from 565 

25 °C to 900 °C at pressures up to 10,000 bars. Geochim. Cosmochim. Acta, 46, 1969-566 

1973. 567 

Frantz, J.D., Dubessy, J., Mysen, B.O., 1993.  An optical cell for Raman spectroscopic studies of 568 

supercritical fluids and its application to the study of water to 500 °C and 2000 bar.  569 

Chem. Geol., 106, 9-26. 570 



28 

 

Gerya, T.V. et al., 2005. Thermodynamic modeling of solubility and speciation of silica in H2O-571 

SiO2 fluid up to 1300 degrees C and 20 kbar based on the chain reaction formalism. Eur. 572 

J. Mineral., 17, 269-283. 573 

Hack, A.C., Hermann, J., Mavrogenes, J.A., 2007a. Mineral solubility and hydrous melting 574 

relations in the deep earth: Analysis of some binary A-H2O system pressure-temperature-575 

composition topologies. Am. J. Sci., 307, 833-855. 576 

Hack, A.C., Thompson, A.B., Aerts, M., 2007b. Phase relations involving hydrous silicate melts, 577 

aqueous fluids, and minerals. Fluid-Fluid Interactions, 65, 129-185. 578 

Hack, A.C., Thompson, A.B., 2011. Density and Viscosity of Hydrous Magmas and Related 579 

Fluids and their Role in Subduction Zone Processes. J. Petrology, 52, 1333-1362. 580 

Hermann, J., Spandler, C.J., 2008. Sediment melts at sub-arc depths: An experimental study. J. 581 

Petrol., 49, 717-740. 582 

Holland, T.J.B., Powell, R., 1998. An internally consistent thermodynamic data set for phases of 583 

petrological interest. J. Metamorph. Geol., 16, 309-343. 584 

Iler R. K., 1979. The Chemistry of Silica. Wiley. 585 

Jackson, I., 1976. Melting of silica isotypes SiO2, BeF2 and GeO2 at elevated pressures. Phys. 586 

Earth Planet. In., 13, 218-231. 587 

Kennedy, G.C., 1950. A portion of the system silica–water. Econ. Geol., 45, 629–653. 588 

Kennedy, G.C., Heard, H.C., Wasserburg, G.J., Newton, R.C., 1962. Upper 3-phase region in 589 

system SiO2-H2O. Am. J. Sci., 260, 501-521. 590 

Kessel, R., Ulmer, P., Pettke, T., Schmidt, M.W., Thompson, A.B., 2005a. The water-basalt 591 

system at 4 to 6 GPa: Phase relations and second critical endpoint in a K-free eclogite at 592 

700 to 1400 degrees C. Earth Planet Sci. Lett., 237, 873-892. 593 



29 

 

Kessel, R., Schmidt, M.W., Ulmer, P., Pettke, T., 2005b.  Trace element signature of subduction 594 

zone fluids, melts, and supercritical liquids at 120-180 km depth.  Nature 437, 724-727. 595 

Knight, C.T.G., Balec, R.J., Kinrade, S.D., 2007. The structure of silicate anions in 596 

aqueous alkaline solutions. Angew. Chem. Int. Ed., 46, 8148-8152. 597 

Manning, C.E., 1994. The solubility of quartz in H2O in the lower crust and upper-mantle. 598 

Geochim. Cosmochim. Acta, 58, 4831-4839. 599 

Manning, C.E., 2004. The chemistry of subduction-zone fluids. Earth Planet Sci. Lett., 223, 1-600 

16. 601 

Manning, C.E., 2007. Solubility of corundum plus kyanite in H2O at 700 degrees C and 10 kbar: 602 

evidence for Al-Si complexing at high pressure and temperature. Geofluids, 7, 258-269. 603 

Manning, C.E., Antignano, A., Lin, H.A., 2010. Premelting polymerization of crustal and mantle 604 

fluids, as indicated by the solubility of albite plus paragonite plus quartz in H2O at 1 GPa 605 

and 350-620 degrees C. Earth Planet Sci. Lett., 292, 325-336. 606 

Manning, C.E., Boettcher, S.L., 1994. Rapid-quench hydrothermal experiments at mantle 607 

pressures and temperatures. Am. Mineral., 79, 1153-1158. 608 

Manning, C.E., Wilke, M., Schmidt, C., Cauzid, J., 2008. Rutile solubility in albite-H2O and 609 

Na2Si3O7-H2O at high temperatures and pressures by in-situ synchrotron radiation micro-610 

XRF. Earth Planet Sci. Lett., 272, 730-737. 611 

Mibe, K., Kanzaki, M., Kawamoto, T., Matsukage, K.N., Fei, Y., Ono, S., 2004. Determination 612 

of the second critical end point in silicate-H2O systems using high-pressure and high-613 

temperature X-ray radiography. Geochim. Cosmochim. Acta, 68, 5189-5195. 614 

Mibe, K., Kanzaki, M., Kawamoto, T., Matsukage, K.N., Fei, Y., Ono, S., 2007. Second critical 615 

endpoint in the peridotite-H2O system. J. Geophys. Res., 112, B03201 616 



30 

 

Mibe, K., Kawamoto, T., Matsukage, K.N., Fei, Y., Ono, S., 2011. Slab melting versus slab 617 

dehydration in subduction-zone magmatism. Proc. Nat. Acad. Sci., 108, 8177-8182. 618 

Mysen, B.O., 1998. Interaction between aqueous fluid and silicate melt in the pressure and 619 

temperatures regime of the Earth's crust and upper mantle. Neues. Jb. Miner. Abh., 172, 620 

227-244. 621 

Mysen, B.O., 2010. Speciation and mixing behavior of silica-saturated aqueous fluid at high 622 

temperature and pressure.  Am. Min., 95, 1807-1816.  623 

Nakamura Y., 1974. The system SiO2-H2O-H2 at 15 kbar.  Carnegie I. Wash. 73, 259-263 624 

Newton, R.C., Manning, C.E., 2002. Solubility of enstatite plus forsterite in H2O at deep 625 

crust/upper mantle conditions: 4 to 15 kbar and 700 to 900 degrees C. Geochim. 626 

Cosmochim. Acta, 66, 4165-4176. 627 

Newton, R.C., Manning, C.E., 2003. Activity coefficient and polymerization of aqueous silica at 628 

800 degrees C, 12 kbar, from solubility measurements on SiO2-buffering mineral 629 

assemblages. Contrib. Mineral. Petrol., 146, 135-143. 630 

Newton, R.C., Manning, C.E., 2006. Solubilities of corundum, wollastonite and quartz in H2O-631 

NaCl solutions at 800 degrees C and 10 kbar: Interaction of simple minerals with brines 632 

at high pressure and temperature. Geochim. Cosmochim. Acta, 70, 5571-5582. 633 

Newton, R.C., Manning, C.E., 2007. Solubility of grossular, Ca3Al2Si3O12, in H2O-NaCl 634 

solutions at 800 degrees C and 10 kbar, and the stability of garnet in the system CaSiO3-635 

Al2O3-H2O-NaCl. Geochim. Cosmochim. Acta, 71, 5191-5202. 636 

Newton, R.C., Manning, C.E., 2008. Thermodynamics of SiO2-H2O fluid near the upper critical 637 

end point from quartz solubility measurements at 10 kbar. Earth Planet Sci. Lett., 274, 638 

241-249. 639 



31 

 

Richet, P., Bottinga, Y., Denielou, L., Petitet, J.P., Tequi, C., 1982. Thermodynamic properties 640 

of quartz, cristobalite and amorphous SiO2 - drop calorimetry measurements between 641 

1000-K and 1800-K and a review from 0-K to 2000-K. Geochim. Cosmochim. Acta, 46, 642 

2639-2658. 643 

Shen, A., Keppler, H., 1995. Infrared spectroscopy of hydrous silicate melts to 1000 degrees C 644 

and 10 kbar: Direct observation of H2O speciation in a diamond-anvil cell. Am. Mineral., 645 

80, 1335-1338. 646 

Shen, A.H., Keppler, H., 1997. Direct observation of complete miscibility the albite-H2O system. 647 

Nature, 385, 710-712. 648 

Singh, R.N., Jha, I.S., Pandey, D.K., 1993. Thermodynamics of liquid Mg-Sn alloys. J. Phys.-649 

Condens. Mat., 5, 2469-2478. 650 

Sowerby, J.R., Keppler, H., 2002. The effect of fluorine, boron and excess sodium on the critical 651 

curve in the albite-H2O system. Contrib. Mineral. Petrol., 143, 32-37. 652 

Stalder, P., Ulmer, P., Thompson, A.B., Gunther, D., 2000. Experimental approach to constrain 653 

second critical end points in fluid/silicate systems: Near-solidus fluids and melts in the 654 

system albite-H2O. Am. Mineral., 85, 68-77. 655 

Stewart, D.B., 1967.  Four-phase curve in the system CaAl2Si2O8-SiO2-H2O between 1 and 10 656 

kilobars.  Schweiz. Miner. Petrog. 47, 35-59. 657 

Stolper, E., 1982. Water in silicate-glasses - an infrared spectroscopic study. Contrib. Mineral. 658 

Petrol., 81, 1-17. 659 

Tropper, P., Manning, C.E., 2007a. The solubility of corundum in H2O at high pressure and 660 

temperature and its implications for Al mobility in the deep crust and upper mantle. 661 

Chem. Geol., 240, 54-60. 662 



32 

 

Tropper, P., Manning, C.E., 2007b. The solubility of fluorite in H2O and H2O-NaCl at high 663 

pressure and temperature. Chem. Geol., 242, 299-306. 664 

Walther, J.V., Helgeson, H.C., 1977. Calculation of thermodynamic properties of aqueous silica 665 

and solubility of quartz and its polymorphs at high-pressures and temperatures. Am. J. 666 

Sci., 277, 1315-1351. 667 

Zotov, N., Keppler, H., 2002. Silica speciation in aqueous fluids at high pressures and high 668 

temperatures. Chem. Geol., 184, 71-82. 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 

 682 

 683 

 684 

 685 



33 

 

APPENDIX  686 

The calculation of quartz solubility given a P and T of interest must be done numerically, 687 

as there is no closed-form solution to Eq. 5, text.  Combining Eqs. 7 and 9, text, so that 688 

        
           , we obtain 689 

              
 

              
                

    
             

     

   
            

where       is obtained from Jackson (1976),      
 is a constant 5.53 J/K,    

 ,   , and    are 690 

given by Eqs. 10, 11, and 12, text, respectively, and     and 
     

   
 are given as follows: 691 

     

      
    

      
  

 

   
 
  

 

  
          

  

  
 
  

 

  
  

                    

     

   
 

  
   

  
                    

  
                

   
     

  
        

            
  

 

             

where K1, as per Eq. 2, text, is given by   692 

       
    

 

  
                    

Equation A2 is simply the solution of Eq. 2, text, for     , and Eq. A3 is the derivative of Eq. 693 

A2 with respect to Xs.  If K1 happens to equal 2 (it never does, in this model, but we include it 694 

here for completeness),      and 
     

   
 are given by 695 
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A simple numerical solver will accurately solve Eqn. A1 for Xs.  However, care must be taken in 696 

the subcritical region (T<1070 °C or P<9330 bar), as a stable or metastable miscibility gap will 697 

exist and therefore more than one value for Xs will satisfy Eqn. A1.  The miscibility gap between 698 

compositions X1 and X2 can be determined by solving, numerically and simultaneously, the 699 

following equations for X1 and X2 (where X1 ≠ X2): 700 

             
                    

                 
     

 

   
 
  

 

              
                

    
                 

     
 

   
 
  

                                

             
                        

             
     

 

   
 
  

 

              
                    

    
             

     
 

   
 
  

                                            

Equations A7 and A8 simply equate the activity of silica (Eqn. 7, text) at X1 and X2, and water 701 

(Eqn. 8, text) at X1 and X2, respectively.  The true solubility will be the greatest possible value 702 

for Xs outside this miscibility gap, unless each side of Eq. A7 is also equal to         
 

, which 703 

defines the hydrous melting temperature of quartz and the compositions of the two fluids in 704 

equilibrium with quartz at the melting temperature. 705 
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Table 1.  706 

Experimental Results 707 

Run Type P 

(kbar) 

T 

(°C) 

Time 

(h) 

H2O in 

(mg) 

Quartz 

in (mg) 

Quartz 

out (mg) 

Xs 

1 SC 15 900 2.5 26.211 6.521 0.854 0.0609 

2 SC 15 900 20 24.634 6.091 0.741 0.0611 

7 SC 15 950 3 24.230 13.450 5.136 0.0933 

5 PB 15 1000 3 22.023 14.908 - >0.1687 

10 PB 15 1000 3 16.660 12.138 + <0.1793 

9 PB 15 1050 2.5 19.730 29.859 1.5 + tr 0.3012 

3 SC 20 900 17.5 22.480 7.594 1.669 0.0732 

11 PB 20 950 1.5 18.644 8.958 + <0.1259 

12 PB 20 950 1.5 20.032 8.553 - >0.1135 

13 PB 20 1000 1.5 20.209 18.237 - >0.2130 

14 PB 20 1000 1.5 21.988 24.778 + <0.2525 

16 PB 20 1100 1 9.480 31.241 - >0.4970 

18 PB 20 1100 1 4.802 19.458 + <0.5485 

Abbreviations:  SC, single quartz crystal; PB, phase bracketing.  In the quartz-out column, 708 

numerical entries indicate the weight of a single weighable quartz crystal, a plus sign indicates 709 

the presence of irretrievable fine grained quartz, tr indicates a negligible amount of fine grained 710 

quartz, and a dash indicates a lack of quartz.  Maximum uncertainty in reported SiO2 mole 711 

fraction (Xs) is 0.0001, based on propagation of weighing errors. 712 
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Figure 1.  General phase relations in the SiO2-H2O systems within the relevant PT region of the 725 

model of this study.  The solid bold curve is the dry quartz melting curve, calculated from 726 

Jackson (1976).  The dashed bold curve is the hydrous melting curve, terminating at the upper 727 

critical end point (this study).  The thin dashed curve is the transition from alpha to beta quartz, 728 

calculated from Holland and Powell (1998) (2002 update).   729 

Figure 2.  Variation in quartz solubility in H2O as a function of temperature.  Solid curves show 730 

solubility isobars, based on the thermodynamic model created from the data from this study, 731 

Newton and Manning (2008), Manning (1994), Newton and Manning (2000), and Nakamura 732 

(1974).  The 1σ weighing errors from the present study are smaller than the symbol size.  Data 733 

points with visible error bars reflect the midpoints of bracketing experiments, shown by the error 734 

bars.  The dash-dot curve is the α-β quartz inversion (Cohen and Klement, 1967).   735 

Figure 3.  Model agreement with experiment expressed as % error (100(Xmodel-Xexp)/Xexp) as a 736 

function of pressure, temperature, and experimentally determined composition. 737 

Figure 4.   Model variation in quartz solubility in H2O as a function of temperature and pressure.  738 

Bold curves are the wet and dry melting curves of quartz.  The dry melting curve is calculated 739 

from Jackson (1976), and the wet melting curve is calculated from the model of the present 740 

study.  The bold dashed curve is the critical curve, stable above the wet melting temperature, and 741 

metastable below the wet melting temperature.  The intersection of the wet melting curve with 742 

the critical curve defines the the upper critical end point, determined by the model to be located 743 

at 9330 bars and 1067 °C.  The lighter solid curves are contours of quartz solubility in mole 744 

fraction.   745 

Figure 5.  Selected isobaric sections of quartz solubility and phase relations as a function of 746 

temperature and composition.  Below the critical end point pressure (a.), a stable miscibility gap 747 
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exists between aqueous fluid and silicate melt.  The intersection of the solubility curve with the 748 

miscibility gap defines the hydrous melting temperature.  Below this temperature, the miscibility 749 

gap is metastable.  At the critical end point pressure (b.), the miscibility gap intersects the 750 

solubility curve at only one point, defining the critical end point composition where the solubility 751 

curve has a horizontal tangent.  Just above the critical end point pressure (c.), the miscibility gap 752 

is entirely metastable, and far above the critical end point pressure (d.), the slope of the solubility 753 

curve increases so that the increase in solubility with increasing T is more gradual than at or near 754 

the critical end point pressure.  Data points are experimental points from Manning (1994), 755 

Newton and Manning (2000; 2008), Kennedy et al. (1962), and this study. 756 

Figure 6.  Activity-concentration relations of SiO2 and H2O components in a quartz saturated 757 

aqueous fluid at 10 kbar, from 500 °C to the melting point of quartz.  Filled squares are data 758 

points from Manning (1994) and Newton and Manning (2000; 2002; 2008), with activities 759 

calculated from the depression of the melting point of quartz in the presence of H2O.  The thin 760 

solid lines represent ideal mixing, while the solid curves show the model-derived activities of 761 

SiO2 and H2O.  Because this diagram is polythermal with a minimum temperature of 500 °C, the 762 

activities for silica and water are not calculated at compositions less than the quartz saturation 763 

composition at 500 °C.   764 

Figure 7.  (a) Partitioning of oxygen between H2O, OH
–
, and O

2–
 and (b) average state of 765 

hydration of solute silica (         ratio) as a function of composition at 10 kbar and 1080 °C.  766 

Composition is represented by the number of oxygens provided by the water component divided 767 

by the total number of oxygens in the system (                  ). The solid vertical lines 768 

show the quartz saturation composition at 10 kbar and 1080 °C, above which the partitioning and 769 

average state of hydration are metastable (shown by dashed lines), as well as the maximum 770 



38 

 

quartz solubility (~2 molal, 0.034 mole fraction) that can be described by the monomer-dimer 771 

model of Newton and Manning (2002; 2003).   The thin dashed line shows the average state of 772 

hydration of solute silica using the equilibrium constant determined by Stolper (1982). 773 

Figure 8.  Average state of hydration (         ratio) of solute silica at quartz saturation as a 774 

function of pressure and temperature.  Bold curves are the same as in Fig. 4.  The lighter solid 775 

curves are contours of constant average state of hydration, where 4 corresponds to entirely 776 

monomeric silica, and 0 corresponds to fully polymerized dry silica melt. 777 

Figure 9.  Standard partial molar entropy of dissolution of quartz as a function of pressure and 778 

temperature.  Bold curves are the same as in Fig. 4.  The lighter solid curves are contours of 779 

constant standard partial molar entropy of dissolution of quartz in J/K.  The increase in partial 780 

molar entropy at high P and low T is most likely due to increased depolymerization (         781 

ratio) at these conditions. 782 

Figure 10.  Standard partial molar volume of dissolution of quartz as a function of pressure and 783 

temperature.  Bold curves are the same as in Fig. 4.  The lighter solid curves are contours of 784 

constant standard partial molar volume of dissolution of quartz in J/bar.  The thin bolded curve is 785 

the contour of zero standard partial molar volume of dissolution of quartz.   786 

Figure 11.  (a.) Standard molar volume of reaction XsSiO2,Qtz + (1-Xs)H2O = fluid, where Xs is 787 

the quartz saturation composition, as a function of pressure and temperature, in J/bar.  (b.) 788 

Standard molar volume of fluid in equilibrium with quartz as a function of pressure and 789 

temperature, in J/bar.  (c.) Density of fluid in equilibrium with quartz and density of pure water 790 

as a function of pressure and temperature, in g/cm
3
.  Bold curves in all contour plots are the same 791 

as in Fig. 4. 792 
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Figure 12.  (a.) Standard molar entropy of reaction XsSiO2,Qtz + (1-Xs)H2O = fluid, where Xs is 793 

the quartz saturation composition, and (b.) Standard molar entropy of fluid in equilibrium with 794 

quartz as a function of pressure and temperature, in J/K. Bold curves are the same as in Fig. 4. 795 

Figure 13.  (a.) Coefficient of thermal expansion, α x 10
5
 (1/K), (b.) the isothermal 796 

compressibility β x 10
5 

(1/bar), and (c.) the isobaric heat capacity, CP (J/K), of a fluid in 797 

equilibrium with quartz and pure water as a function of temperature and pressure.  Bold curves 798 

are the same as in Fig. 4.  Light solid curves indicate the property of interest of the quartz-799 

saturated fluid; light dashed curves indicate the property of interest of pure water. 800 
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